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This letter reports on an imaging technique of acoustic pressure radiation APR from vibrating
micro-/nanostructures and their mechanical defects. Resonance oscillation of micro-/nanometer
beams in use of viscous environments is important for various sensing applications. Viscous
dumping is the main energy loss mechanism, which determines the quality factor of resonance in
viscous fluid. The APR due to viscous dumping is imaged using a scanning thermal flow sensor. A
platinum heater or micromachined silicon heater is heated up by flowing a current, and the acoustic
particle velocity which originated from APR is detected. Imaging of APR is demonstrated and
compared with the actual vibration image. Also, strong APR is observed from a crack on the support
of a silicon beam. © 2007 American Institute of Physics. DOI: 10.1063/1.2742908
Resonance oscillation of micrometer and nanometer
scale electromechanical sensors in gases and liquids has in-
creased their importance in applications in physics and biol-
ogy. Tiny physical and chemical interactions between a tip
on resonating beam and a sample have been detected in scan-
ning probe microscope families.1 A small mass down to at-
togram has been detected from the resonant frequency
change of very thin beams in vacuum,2–4 and a lot of effort
has been made to achieve a high sensitivity even in viscous
fluids.4
One of the issues in resonating mechanical devices is to
achieve a stable high-quality factor Q factor, which is di-
rectly related to the noise of the sensing systems. The Q
factor Q is inversely proportional to energy loss of vibra-
tion: 1/Q. There are many energy dissipation mechanisms
and the Q factor is determined from the sum of energy dis-
sipations; 1 /Q=1/Qi. The mechanical energy dissipation
mechanisms can be classified into two, i.e., internal losses
and external losses. Internal losses include the internal fric-
tion of materials, surface friction, friction at the grain bound-
ary, thermoelastic damping, etc. In external losses, vibration
energy is emitted as phonons or sound waves to outside of a
vibrating beam. The energy dissipation via the support of
vibrating beam is referred to as support loss or clamping
loss,5 and the energy loss via gas is referred to as gas damp-
ing. Gas damping is related to gas pressure and the geometry
of the resonating beams, which has been theoretically and
experimentally studied.6
However, the direct measurement of acoustic pressure
radiation APR involved in the gas damping has not been
reported yet. In this letter, we propose and demonstrate mea-
surement and imaging methods for APR based on particle
velocity detection using a microheater.
A miniature thermal flow sensor has been used to detect
the acoustic particle velocity involved in vibration of micro-
and nanostructures in ambient atmosphere. It has been re-
ported that the thermal flow sensor can detect the acoustic
particle velocity measurements.7 Constant current I flows
into the resistive flow sensor elements, and temperature
variation of the sensor element for small temperature varia-
tions can be detected from voltage variation at both ends of
the heater, according to VT= IR01+T−T0, where R0 is
the resistance of the heater at temperature T0, T is the actual
temperature, and  is the resistance temperature coefficient
of the heating wire. If the acoustic wave is supposed to be a
plane wave traveling into the x direction with a frequency ,
its acoustic particle velocity ux , t is given by ux , t
= 2p /0ccost−kx, where p is the acoustic pressure, 0
is the density of medium, c is the velocity of acoustic wave,
and k is the wave number. 0C corresponds to the character-
istic impedance of medium 400 Pa s /m, in ambient atmo-
sphere at room temperature. If a small sound source gener-
ates a spherical wave at a distance r from the source, the
acoustic velocity is given by ur , t= p /0crcost−kr.
As the heat transfer coefficient between fluid and heater is
proportional to the square root of fluid velocity u, the dis-
sipated heat is proportional to the square root of fluid veloc-
ity. The output voltage v of the sensing element, which origi-
nated from acoustic particle flow, can be approximated by
the equation v=ASTu, where A is constant and S is the
surface area of the sensing wire.
Figure 1 shows the schematic of experimental setup. A
micro- or nanostructure was mounted on a piezo-XYZ stage
with a stroke of 150 m in XY directions, and the sample
was vibrated using a piezoelectric transducer PZT ceramics
actuator. In order to detect APR from the vibrating sample, a
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FIG. 1. Color online Measurement setup for acoustic pressure radiation
from a vibrating micro- or nanostructure.
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microheater with 1 m diameter of a boron-doped silicon
wire was employed.8 The measured voltage-current relation-
ship of this Si heater is shown in Fig. 2. A constant current of
10 mA was flowed into this Si probe during the measure-
ments, which heat the Si wire up to approximately 400 °C.
The vibrating sample emits the APR and its particle flow
modulates the temperature of the heated microheater, which
was detected from the resistance change of the microheater
using a voltage amplifier and lock-in amplifier. Two-
dimensional imaging of APR was accomplished by scanning
the heater probe on the vibrating sample. To characterize the
mechanical properties and identify the vibration modes of
the sample, the measurement system was equipped with a
laser Doppler vibrometer.
As samples, single crystalline Si cantilevers with thick-
nesses of 140 and 175 nm, a commercial SiN probe, and Si
beams with a thickness of 1.5 m were tested.
At first the APR measurement from a Si resonator was
demonstrated. Figures 3a and 3b show the comparison of
actual mechanical vibration and APR spectra of a Si cantile-
ver beam with a torsional resonator at the end, as depicted in
Fig. 3a. The first, second, and third flexural modes were
found at 19.7, 125, and 283 kHz, respectively. Also, a tor-
sional vibration mode of the resonator could be seen at
661 kHz. The thermal Si probe was placed above the end of
a torsional beam at a distance of approximately 2 m, and
an APR spectrum was obtained as well. Corresponding to
each vibration peak, the APR peak could be observed. How-
ever, a higher vibration peak exhibits relatively smaller peak
intensity due to a low sensitivity in APR at high frequency.
By scanning the thermal probe along the in-plane direc-
tion on the tortional beam, the profiles of APR from the
vibrating beam at the first flexural mode of 19.7 kHz with an
amplitude of 1 m were observed at different distances from
the surface of resonator, as shown in Fig. 4. As the distance
r increases, the observed APR signal decreases as r−0.5. If
the source of APR is regarded as a point source, the acoustic
particle velocity will be proportional to a root square of the
intensity, i.e., u  I, as discussed before. Therefore, the dis-
tance dependence on the detected acoustic signal, which is
proportional to a square root of the particle velocity u, be-
haves as measured. The same behavior was observed in other
vibration modes.
Imaging of APR was demonstrated on some samples.
The imaging of vibration amplitude was also conducted and
compared with the APR image. The sample was moved into
the XY direction, and the APR signal or the output of the
laser Doppler vibrometer was detected using the lock-in am-
plifier in which the vibration voltage to the piezoelement was
used as a reference signal. The distance between the thermal
probe and the cantilever was kept at approximately 5 m.
Figure 5a shows the images of the vibration amplitude of a
commercial SiN atomic force microscopy probe that vibrated
at its fundamental resonance of 11 800 Hz. Its vibration am-
plitude at the end was approximately 1.0 m. Figure 5b
shows the corresponding APR image. In these images, the
large amplitude area or strong APR area appeared to be
bright. Figures 5c and 5d show the images of vibration
amplitude and APR of another triangular probe vibrated at
the resonance of 33 300 Hz. It can be seen that the APR
profile is slightly different due to the different geometry.
Another Si resonator, as the optical micrograph is shown
in Fig. 6a, was evaluated as well. This double-beam reso-
nator is 145 nm in thickness and 100 m in length. Another
100-m-thick Si beam supports this Si resonator. The reso-
nator was vibrated at a frequency of 17 670 Hz using the
attached PZT actuator with a vibration amplitude of 0.5 m
FIG. 2. Color online Voltage and current relationship of the thermal probe.
Inset is the scanning electron microscopy image of the Si micromachined
thermal probe.
FIG. 3. Color online a Mechanical vibration spectrum measured by laser
Doppler vibrometer. b Corresponding acoustic pressure radiation spectrum
measured by the Si thermal probe.
FIG. 4. Color online a Profiles of acoustic pressure radiation along A-A
cross section at different distances from the resonator.
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at the end. Figure 6b shows the image of APR from this
resonator. APR could be observed from a vibrating Si double
beam, and also strong APR was observed from a crack on the
support of the vibrating silicon beams. Despite the small vi-
bration amplitude at the crack, large energy is concentrated,
which emits strong APR.
In summary, we proposed and demonstrated a technique
for observing a mechanical energy loss directly from APR. A
micromachined thermal probe sensor is sensitive to acoustic
wave with a frequency below 600 kHz and has a spatial
resolution of approximately few micrometers. The observed
images show the vibration energy dissipation depending on
the geometry of resonator at a given vibration frequency.
Also, strong energy dissipation from a defect of the resonator
could be observed. This measurement method of APR pro-
vides a useful method for characterizing the vibration energy
dissipation, and also provides useful information for design-
ing a high Q resonator in gas atmosphere.
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FIG. 5. Color online Vibration amplitude and acoustic pressure radiation
images of triangular cantilevers. a is the vibration amplitude and b cor-
responds to its acoustic pressure radiation. c is the amplitude of another
sample and d is the corresponding acoustic pressure radiation. Image sizes
are 150150 m2.
FIG. 6. Color online a 145-nm-thick beam with a crack and b acoustic
pressure radiation image. Image sizes are 150150 m2.
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